A B S T R A C T The sympathoadrenal responses to acute and chronic hypoxic exposure at 10.5 and 7.5% oxygen were determined in the rat. Cardiac norepinephrine (NE) turnover was used to assess sympathetic nervous system (SNS) activity, and urinary excretion of epinephrine (E) was measured as an index of adrenal medullary activity. The responses of the adrenal medulla and SNS were distinct and dependent upon the degree and duration of hypoxic exposure. Chronic hypoxia at 10.5% oxygen increased cardiac NE turnover by 130% after 3, 7, and 14 d of hypoxic exposure. Urinary excretion of NE was similarly increased over this time interval, while urinary E excretion was marginally elevated. In contrast, acute exposure to moderate hypoxia at 10.5% oxygen was not associated with an increase in SNS activity; in fact, decreased SNS activity was suggested by diminished cardiac NE turnover and urinary NE excretion over the first 12 h of hypoxic exposure, and by a rebound increase in NE turnover after reexposure to normal oxygen tension. Adrenal medullary activity, on the other hand, increased substantially during acute exposure to moderate hypoxia (2-fold increase in urinary E excretion) and severe hypoxia (>10-fold). In distinction to the lack of effect of acute hypoxic exposure (10.5% oxygen), the SNS was markedly stimulated during the first day of hypoxia exposure at 7.5% oxygen, an increase that was sustained throughout at least 7 d at 7.5% oxygen. These results demonstrate that chronic exposure to moderate and severe hypoxia increases the activity of the SNS and adrenal medulla, the effect being
INTRODUCTION
The sympathoadrenal system functions to maintain internal homeostasis in the face of a widely varying external environment. Hypoxia arising from any cause represents a serious threat to the mammalian organism because it reduces energy production and jeopardizes organ function. Indeed, since Cannon and Hoskins (1) demonstrated secretion of epinephrine (E)' into adrenal venous blood during asphyxia, it has been generally accepted that hypoxia stimulates a sympathoadrenal discharge to counter oxygen lack. The traditional view is of a concerted response to the stress of hypoxia, with the two limbs of the sympathoadrenal system, the sympathetic nervous system (SNS) and adrenal medulla, acting together to preserve homeostasis by increasing cardiac output, modifying blood flow distribution, and altering metabolism to improve oxygen delivery to vital tissues.
Investigations conducted over the past 70 years, however, have not provided a clear description of the sympathoadrenal response to hypoxia. In human subjects acutely exposed to hypoxia, for example, both increased (2, 3) or unchanged (4) catecholamine levels in plasma or urine have been observed. In animals, evidence for and against sympathoadrenal activation in acute hypoxia has similarly been presented (5) (6) (7) (8) (9) (10) . Chronic hypoxia in man is associated with increased SNS activity (11, 12) , although many relevant studies were conducted at high altitude and are, therefore, complicated by cold exposure and physical exertion. Recent studies (13, 14) from our laboratory indicating dissociation of SNS and adrenal medullary responses raised the possibility that the failure to distinguish clearly SNS from adrenal medullary activation contributed to the present uncertainty.
In light of these considerations, the studies reported herein examined separately the functional state of sympathetic nerves and adrenal medulla during acute and chronic exposure to both moderate (10.5% oxygen) and severe (7.5% oxygen) hypoxia in the rat. Measurements of norepinephrine (NE) turnover in rat heart served as the index of SNS activity, while urinary excretion of E provided an estimate of adrenal medullary secretion. Adrenal denervation was used as a further aid in determining the origin of the increased urinary catecholamine levels observed in hypoxia. These studies demonstrate that the sympathoadrenal response to hypoxia is complex and dependent on both the degree and duration of hypoxic exposure. While chronic hypoxic exposure or acute exposure to severe hypoxia increased SNS activity, acute exposure to moderate hypoxia was not associated with SNS activation and may have caused suppression. Adrenal medullary secretion was stimulated by acute exposure to moderate or severe hypoxia.
METHODS
Female Sprague-Dawley-derived rats (150-200 g) were obtained from Charles River Breeding Laboratories, Inc. (CD rats; Wilmington, MA) or from Zivic-Miller Laboratories (Allison Park, PA). They were housed four to five animals per cage (except when placed in individual metabolic cages)
at an ambient temperature of 23-250C with a 12-h lightdark cycle and permitted access to Charles River chow (R-M-H 3,000; Agway, Inc., Syracuse, NY) and water ad lib. Bilateral splanchnic nerve section or adrenal demedullation was performed by the supplier (Zivic-Miller Laboratories) 2 wk before use.
Studies used both normobaric and hypobaric hypoxia because, as noted by Bert (15) , physiological responses to hypoxia are independent of barometric pressure per se. In chronic experiments, a chamber maintained at barometric pressures of 380 torr (equivalent to 10.5% oxygen at sea level) or 272 torr (equivalent to 7.5% oxygen) was used; control animals were placed in a similar, but nonpressurized, enclosure for the duration of the study. In acute experiments, a clear vinyl chamber (Standard Safety Equipment Co., Palatine, IL) continuously perfused with gases of known oxygen and nitrogen concentrations was used. Gas concentrations within each chamber were measured with a mass spectrometer (Perkin-Elmer MGA 1100, Perkin-Elmer Corp., Aerospace Div., Pomona, CA). Flow through the chambers averaged 15-20 liter/min and maintained an Fl1os < 0.005.
In the measurement of [3H]NE turnover, l-[(N)-7,8-3HjNE (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) Ci/mmol sp act; New England Nuclear, Boston, MA) was purified before use by column chromatography with alumina as described below. The [3H]NE was diluted to an appropriate concentration with isotonic saline and injected into the tail veins of unanesthetized animals in a total volume of 1.0 ml. The dose of [3HINE used in these studies varied between 50 and 125 ,gCi/kg (0.3-0.9 ug NE/kg). The rats were killed at preselected times by cervical dislocation. For each time point in the studies of NE turnover, four to six animals were killed from each experimental group. The tissues were rapidly removed, frozen on dry ice, and stored at -20'C for later processing (usually within 2 wk). For NE analysis, the organs were weighed and homogenized in iced, 0.4 N perchloric acid in a ground glass homogenizer (Kontes Glass Co., Vineland, NJ) to extract the NE and precipitate the proteins. After volume adjustment, the precipitated protein was removed by low-speed centrifugation.
Isolation of NE from the perchloric acid extract was achieved by column chromatography with alumina as previously described (16) . NE was adsorbed onto the alumina column at pH 8.6 and eluted with 0.2 N acetic acid. The alumina (neutral, Fisher Scientific Co., Pittsburgh, PA) had previously been purified according to the method of Anton and Sayre (17) . Recovery of added NE was usually >70% with a variation between columns of <10%. Standards were run with all batches of samples and results were corrected for recovery. Assay of NE (and of E where indicated) in the alumina eluates was performed by a modification of the spectrophotofluorometric method of Crout (18) (16, 19) . In the estimation of NE turnover after inhibition of NE biosynthesis, DL-alpha-methyl-p-tyrosine methyl ester (alpha-MT; Sigma Chemical Co., St. Louis, MO) was dissolved in isotonic saline and injected in doses of 250 and 125 mg/kg i.p.
Quantitation of catecholamine content in 24-h urine samples used the spectrophotofluorometric method outlined above; for urine samples collected over shorter intervals, a more sensitive analytical procedure, a modification of the electrochemical method of Riggin and Kissinger (20) , was used. After addition of dihydroxybenzylamine (DHBA; Aldrich Chemical Co., Inc., Milwaukee, WI) as internal standard, the urines were acidified to pH 2 and passed over a strong cation exchange resin (Dowex 50W X 4, 100-200 mesh; Bio-Rad Laboratories, Richmond, CA) that had previously been prepared by the method of Hirs et al. (21) . NE, E, and DHBA were eluted in 1 N HC1, adsorbed onto alumina at pH 8.6 as described above, and eluted from the alumina with 0.1 M perchloric acid (Fisher Scientific Co. (5, 6) . 95% confidence intervals were determined for the NE turnover rates as previously described (24) . Statistical significance was accepted at the P < 0.05 level.
RESULTS
Chronic exposure at 10.5 % oxygen. The effect of 14 d exposure to hypobaric hypoxia (barometric pressure, 380 torr) on NE turnover in rat heart is graphically shown in Fig. 1 . Data from this experiment and similar studies done at 3 and 7 d are given in Table  I . After 14 d of hypoxia, k in heart was greater in hypoxic rats (8.4±0.7% h) than control (3.2±0.5%/h; P < 0.001) and the calculated NE turnover rate increased by 134% from 20.2±4.2 ng NE/h (95% confidence intervals) to 47.3±6.0 ng NE/h. Similar elevations in the calculated cardiac NE turnover rate were observed at 3 and 7 d of hypoxic exposure (139 and 129%, respectively). Experiments reported elsewhere (25) demonstrating a more pronounced effect of ganglionic blockade on NE turnover in hypoxic animals than control animals were consistent with a primary increase in sympathetic nerve impulse traffic accounting for the acceleration of NE turnover in hypoxia. Thus, 10 .5% oxygen increased SNS activity in rat heart by day 3 of exposure and this effect persisted through day 14. Table I .
Further evidence for activation of the SNS by chronic hypoxia was provided by the measurement of urinary catecholamine excretion (Fig. 2) . Although not increased above a basal level of 139±14.8 ng NE/mg creatinine (Cr) per d on the first day of hypoxic exposure, urinary excretion of NE rose to 308±31.0 ng NE/mg Cr per d (P < 0.01 vs. basal) on day 3 of hypoxic exposure and remained elevated through day 14. Urinary output of E rose from a base-line value of 16 .8±1.9 to 25.6±4.1 ng E/mg Cr per d over the period of hypoxia, an increase that was not statistically significant. Since the increment in urinary NE excretion exceeded that of E, the presumption was that the urinary NE originated from the SNS and not the adrenal medulla. To confirm this impression, the study was repeated in adrenally denervated rats. In these animals NE excretion increased from a basal level of 156±23.7 ng NE/mg Cr per d to 275±21.4 (P < 0.01) by day 3 Chronic exposure at 7.5% oxygen. To ascertain whether SNS activation increases with the severity of hypoxia, NE turnover was measured simultaneously in animals exposed for 7 d to 7.5, 10.5, and 20.9% (room air) oxygen (Fig. 3) . Fractional NE turnover rates in heart were 4.3±0.7, 11.4±1.1, and 19.9±1.8%/ h for animals exposed to 20.9, 10.5, and 7.5% oxygen, respectively (P < 0.0001 for all comparisons). Calculated cardiac NE turnover rates were accelerated by hypoxia, but because of the lower steady-state endogenous NE content in the hearts of rats exposed to 7.5% oxygen, calculated NE turnover rates were not clearly Fig. 2 , urinary NE excretion did not change during the first day of exposure to 10.5% oxygen, suggesting that SNS activity was not acutely increased by this degree of hypoxia. To examine this possibility more directly, cardiac NE turnover was measured during the first 10-24 h of hypoxic exposure. In a representative study (Fig. 4) , animals were exposed to 10 .5% oxygen for 11 h. In hypoxic rats the fractional NE turnover rate in heart was 7.8±1.3%/h and the calculated NE turnover rate was 36.3±8.0 ng NE/h (95% confidence intervals), values that did not differ from those observed in control animals (8.5±1.2%/h and 39.2±7.0 ng NE/h, respectively). Included in this experiment was a group of animals acutely exposed to cold (40C) to provide a positive, internal control.
Cold exposure, a known SNS stimulus, increased both fractional NE turnover in heart and calculated NE turnover to 22.4±1.7%/h (P < 0.0001) and 90.8±12.2 ng NE/h (by 132%), respectively, compared with ambient temperature controls. The slight difference between NE turnover in control and acutely hypoxic rats was not statistically significant in this experiment; in five additional consecutive experiments, however, a similar decrease in cardiac NE turnover was consistently obtained (Table II) (Fig. 5) . Alpha-MT inhibits tyrosine hydroxylase, the rate-limiting enzyme Three groups of rats were studied by using the alpha-MT technique: (a) a group exposed to 10.5% oxygen for 5 h; (b) a group exposed to 10.5% oxygen for 2.5 h, then room air for 2.5 h; and (c) a control group. All animals were given alpha-MT (250 mg/kg) at 2.5 h and killed at 5 h, 2.5 h after alpha-MT administration. At this level of hypoxia, previous studies had demonstrated no change in endogenous NE levels in heart. In the continuously hypoxic animals, endogenous NE levels in heart after alpha-MT administration were 687.1±34.9 ng, not significantly different from control values of 674.0±25.7 ng. In rats returned to room air, cardiac NE content after alpha-MT treatment was reduced to 530.9±34.2 ng, a level significantly lower than either the controls or the treated hypoxic group (P < 0.05). This observation is consistent with increased cardiac NE turnover in animals returned to room air after brief exposure to 10.5% oxygen and suggests that the acute hypoxic exposure induced restraint of the SNS, with relief of restraint by normoxia.
Acute exposure at 7.5% oxygen. Since acute exposure to 10.5% oxygen did not stimulate cardiac NE turnover, the effect of more severe hypoxia (7.5% oxygen) was examined. In this experiment, the rate of disappearance of tritiated NE was markedly accelerated in hypoxic animals (k = 13.8% in hypoxic and 3.8% in control animals); endogenous NE content, however, fell over 12 h to 67% of that found in control animals, a change in cardiac NE not seen at lesser degrees of hypoxia. Such a depletion in the endogenous pool of NE results in an underestimation of the NE turnover rate based on specific activity if steady-state kinetics are assumed to exist but do not prevail. NE turnover may be approximated under these circumstances by correcting for the fall in endogenous NE over the course of the experiment.2 Applied to the present experiment as an approximation, the calculated NE turnover rate for animals acutely exposed to 7.5% oxygen was 57.6 ng NE/h; and for controls, 35 .0 ng NE/h, a finding consistent with SNS activation.
To clarify further this apparent difference in the acute SNS response to 7.5 and 10.5% oxygen, urinary catecholamine excretion was measured over the initial 6-h period of exposure to 7.5% oxygen, as previously mentioned for 10.5% oxygen (Fig. 6 ). In the presence of 7.5% oxygen, both urinary NE and E excretion increased. Urinary NE rose from 85.2±9.8 ng NE/mg Cr to 393.9±57.6 (P < 0.05) and E from 25.2±2.4 ng E/mg Cr to 297.2±45.8 (P < 0.05). Since the adrenal medulla is a potential source of urinary NE, the marked elevation in urinary NE excretion cannot be taken as definitive evidence of SNS stimulation. The study was therefore repeated with animals subjected to bilateral splanchnic nerve section, a procedure that denervates the adrenal medulla (Fig. 6) . When denervated animals were exposed to 7.5% oxygen, urinary E excretion remained at background levels (-10 
DISCUSSION
The studies reported here demonstrate that the sympathoadrenal response to hypoxia in the rat is complex and dependent upon both the duration and severity of hypoxic exposure. Measurements of urinary E excretion indicate a prompt but modest increase in adrenal medullary activity (an -40% increase over basal E excretion) during the first 6 h of 10.5% hypoxic exposure. At 7.5% oxygen, acute hypoxic exposure has a more marked stimulatory effect on the adrenal medulla as indicated by a 10-fold increase in E excretion (Fig. 6) . Thus, acute exposure to an hypoxic environment stimulates the adrenal medulla, the secretory response being mild at 10.5% oxygen and vigorous at 7.5%. The adrenal medullary response to chronic exposure at 10.5% oxygen is modest and apparently sustained although in the experiment shown in Fig. 2 the increment in E excretion as compared with base line was not statistically significant. Chronic exposure to moderate hypoxia (10.5% oxygen) increases SNS activity as indicated by increased cardiac NE turnover measured at 3, 7, and 14 d after hypoxic exposure (Fig. 1, Table I ). The cardiac NE turnover data are supported by measurements of urinary NE excretion (Fig. 2) , which demonstrate a twofold increase between days 3 and 14 of hypoxic exposure. The stimulatory effect of moderate hypoxia (10.5% oxygen) on the SNS does not, however, begin immediately upon exposure. During the first day of acute moderate hypoxia, NE turnover in heart is not increased (Fig. 4) in distinction to the definite increase at 3 d (Table I) . This difference between the acute and chronic response was again demonstrated within a single experiment using the synthesis inhibition technique with alpha-MT (Fig. 5) (Fig. 6 ) both demonstrate SNS stimulation during the first 12 h of exposure to an hypoxic environment at 7.5% oxygen. Both the SNS and the adrenal medulla, therefore, are stimulated acutely by a more severe hypoxic exposure. Exposure to severe hypoxia at 7.5% oxygen for 7 d (Fig. 3) is also associated with a marked increase in cardiac NE turnover. These studies thus demonstrate that both the degree and duration of hypoxic exposure affect the SNS response.
The changes in cardiac NE turnover reported here reflect predominantly changes in SNS activity. The evidence in favor of this conclusion includes the following: (a) under a variety of other physiological situations such as cold exposure (29) , forced restraint (30) , and changes in dietary intake (29, 31, 32) NE turnover has consistently and accurately reflected the state of activity of the SNS as assessed by other methods; (b) in a previous series of experiments, the connection between alterations in NE turnover and central sympathetic outflow during chronic exposure to hypoxia at 10.5% oxygen was demonstrated (25) ; (c) in the current study, changes in NE excretion (Figs. 2 and 6) were entirely consistent with measured changes in NE turnover; and (d) the uptake and metabolism of tracer NE by heart, liver, and kidney was unaffected by acute or chronic moderate hypoxia. Two possible confounding factors, however, require consideration: (a) the potential effect of adrenal medullary stimulation on SNS activity itself or on the assessment of SNS activity by measurement of NE turnover; and (b) the potential effect of hypoxia on the peripheral sympathetic nerve endings, particularly the energydependent amine uptake process of the axonal membrane.
Although the adrenal medulla is stimulated by hypoxia (1, 3, 6, 7, 9, 10, 33), increased circulating catecholamines of adrenal medullary origin cannot explain the changes in NE turnover demonstrated here. In the first place, no consistent relationship between the functional state of the SNS and the adrenal medulla was noted. Adrenal medullary stimulation occurred in association with both suppression of the SNS (acute exposure at 10.5% oxygen) and sympathetic stimulation (acute exposure at 7.5% oxygen). Secondly, changes in urinary NE excretion in adrenal demedullated animals paralleled changes in cardiac NE turnover. Finally, in other studies from our laboratory, adrenalectomy, adrenal demedullation, or splanchnic nerve section have failed to alter changes in NE turnover in a variety of physiological situations associated with sympathetic suppression and adrenal medullary stimulation, including fasting hypoglycemia (13), 2-deoxyglucose administration (14) , and fasting during cold exposure (29) . Thus, the changes in cardiac NE turnover reported here cannot be explained by alterations in adrenal medullary function.
The possibility that hypoxia alters peripheral sympathetic nerve function cannot be so easily dismissed. Although a simple direct effect of low oxygen tension on neuronal function can probably be excluded because of the differential effects of acute and chronic moderate hypoxia on cardiac NE turnover, a subtle effect on the neuronal uptake process in chronic moderate and acute and chronic severe hypoxia cannot be excluded with certainty. The abrupt fall in endogenous NE level during acute exposure at 7.5% oxygen and 1270
T. S. Johnson, J. B. Young, and L. Landsberg the slightly lower steady-state endogenous NE level in chronically hypoxic animals are consistent with an effect on neuronal reuptake, although similar changes in endogenous NE levels may result from intense SNS stimulation (31) . Furthermore, although tracer NE concentration and metabolism in heart, liver, and kidney at 5 min after intravenous injection was not altered by acute or chronic hypoxia at 10.5% oxygen, the tracer concentration in plasma was significantly higher in the chronically hypoxic group. The significance of the elevated plasma tracer concentration is uncertain since tracer levels were not altered in tissues reflecting neuronal (heart) and nonneuronal (liver and kidney) uptake. It is possible that the altered volume of distribution of tracer in chronically hypoxic animals does reflect, at least in part, an alteration in neuronal uptake. Such an alteration by diminishing NE uptake would increase NE turnover. It is, therefore, possible that a subtle defect in neuronal uptake induced by hypoxia contributes to the increase in NE turnover reported here. Such an alteration would have the same physiological impact as an increase in neuronally mediated NE release; indeed, to the extent that the physiological responses of released NE are augmented by impaired reuptake, feedback suppression of sympathetic neuronal outflow might be expected to restore NE turnover towards normal. Therefore, although altered reuptake cannot be excluded as contributing to the increase in NE turnover during hypoxia, it seems likely that increased central sympathetic outflow is the major factor accounting for the increased cardiac NE turnover reported here. Alterations in SNS activity during hypoxic exposure may contribute to some of the physiological changes that accompany diminished oxygen supply. During acute hypoxic exposure, oxygen consumption and heat production fall (34) (35) (36) and hypothermia develops (34) (35) (36) (37) (38) (39) (40) . This hypoxic depression of metabolism represents either the direct effect of oxygen lack at a cellular level, or the recruitment of a regulatory process that diminishes metabolic rate, or both (35) . The suppression of SNS activity demonstrated here during acute exposure at 10.5% oxygen is consistent with the hypothesis that hypoxia evokes thermoregulatory mechanisms that diminish metabolic heat production in part through an effect on the SNS. Further evidence lending support to potential SNS participation in hypoxic hypothermia in rats is the reversal of the hypometabolic response to hypoxia by physical restraint (41) , a well-known, potent stimulus of SNS activity (30) . The rebound increase in sympathetic activity demonstrated here during return to normoxia also suggests that inhibition of SNS activity contributes to the hypothermia of acute hypoxic exposure. Thus, the sympathoadrenal response to hypoxia is complex; differential effects on the SNS and adrenal medulla may be noted depending upon the degree and duration of hypoxic exposure.
